INTRODUCTION
============

Mitochondrial function is vital for a handful of cellular processes such as ATP production, oxidation of fatty acids, biosynthesis of amino acids and signal transduction. Proteins involved in such processes are encoded in the nuclear genome and also in its own organellar genome. Animal mitochondrial DNA (mtDNA) is a compact molecule typically encoding 13 protein-coding genes (PCGs) involved in oxidative phosphorylation and a subset of the translation machinery components, namely, 2 ribosomal RNA subunits (rRNAs) and 22 transfer RNAs (tRNAs) ([@B1]). There is only one major noncoding region in the mtDNA, the control region, also known as the displacement loop (D loop) or A+T-rich region (in insects). This portion of the mtDNA has been shown to contain the replication origin ([@B2]) and promoters for transcription initiation ([@B3]).

The animal mitochondrial genome has some features that are different from those of the nuclear genome. Owing to the compact structure of the mtDNA, polypeptide, tRNA and rRNA genes are smaller than the cytosolic and prokaryotic counterparts ([@B4]), there are overlapping genes, some termination codons are not encoded in mtDNA sequence, there are no intronic sequences and almost no intergenic sequence and transcripts lack untranslated regions (UTRs) completely ([@B1],[@B3]). These structural features of the mtDNA determine its unique transcriptional system. RNA synthesis in *Drosophila* mtDNA starts at five different transcription initiation sites, two on the heavy (H) strand and three on the light (L) strand. The tRNA sequences of the five polycistronic transcripts acquire the cloverleaf structure and act as signals for the cleavage of these primary transcripts. This model of RNA processing is known as the tRNA punctuation model ([@B5]). Cleaved mRNAs correspond to the mature transcripts. They are mono or bicistronic with two overlapping PCGs, and carry 50- to 60-bp poly(A) tails ([@B6],[@B7]). The mature mitochondrial mRNAs start directly at the initiation codon or have an extremely short untranslated 5′-end (1--3 nt). Furthermore, they do not contain recognizable ribosome binding sites and are, apparently, translated from the first initiation codon at the 5′-end ([@B6],[@B7]).

For more than two decades, significant effort has gone into random sequencing of cDNA clones for gene discovery and annotation of genomes. Now, the development of next-generation sequencing (NGS) technologies has permitted an increase in throughput over traditional sequencing methods. Parallel sequencing of short cDNA fragments has been demonstrated as an excellent tool to generate genome-wide sequence information as well as levels of gene expression ([@B8]). Although the analysis of expressed sequence tags (ESTs) is employed primarily to gather information about nuclear transcripts, a remarkably high proportion of sampled cDNAs corresponds to mitochondrial transcripts ([@B9; @B10; @B11]). Such ESTs are usually neglected, but they can be extremely useful to collect information on mitochondrial transcription in organisms for which the mitochondrial genomic sequence is already known, or even to obtain data on mitochondrial gene organization and expression in organisms in which mtDNA sequence data are unavailable ([@B12]).

Here, we report the analysis of ESTs generated by 454 sequencing technology (FLX) for *Drosophila melanogaster* and *D. pseudoobscura* mitochondrial genomes. We show that NGS could provide important insights into the expression pattern of genes encoded by mtDNA and their conservation between species. Furthermore, we discovered some rare transcripts that might play a role in mitochondrial function.

MATERIALS AND METHODS
=====================

*Drosophila* strains
--------------------

Experimental flies of each species were obtained from reciprocal crosses between the genome strain and a second inbred strain, all obtained from the Tucson Stock Center (stock numbers 14021-0231.36 and 14021-0231.15 for *D. melanogaster*; 14011-0121.94 and 14011-0121.88 for *D. pseudoobscura*)*.* Flies were grown at 20°C in standard cornmeal medium. Newly emerged males and females were collected separately and allowed to age from 3 to 7 days.

Library preparation and sequencing
----------------------------------

Methods for shotgun library preparation and 454 sequencing were previously described ([@B8],[@B13]). Briefly, total RNA was extracted with Trizol (Invitrogen) from 30 flies (three replicates of 10 flies each). RNA samples were treated with DNase I (10 U/50 mg of total RNA) and the absence of contaminating genomic DNA was confirmed by PCR.

First-strand cDNA was generated from ∼5 mg of total RNA using the RevertAid™ H Minus First Strand cDNA Synthesis Kit (Fermentas) according to manufacturer's instructions. The synthesis was carried out using a biotinylated oligo(dT) fused to the 454 sequencing primer B \[5′-Biotin-GCCTTGCCAGCCCGCTCAG(T)~17~V-3′, where V stands for any base but T\]. Double-stranded cDNA was synthesized by addition of 30 U of *Escherichia coli* DNA polymerase I, and 1 U of *E. coli* ribonuclease H to the first-strand synthesis reaction, following Fermentas's suggested protocol for second-strand cDNA synthesis.

Approximately 5 mg of double-stranded cDNA was nebulized using 3 bar nitrogen for 1 min. The 3′-nebulized fragments were recovered using M-270 Streptavidin beads (Dynal), blunt-ended with T4 DNA polymerase and ligated to the double-stranded linker A.

To reduce the technical error, all four libraries (two sexes × two species) were prepared in duplicates and pooled prior to sequencing. Sequencing was performed on a Genome Sequencer FLX Instrument (Roche Diagnostic) following standard protocols ([@B14]).

Assembly and annotation of *D. pseudoobscura* mtDNA
---------------------------------------------------

*Drosophila melanogaster* mitochondrial genes (release 5.6) were BLASTed against *D. pseudoobscura* whole genome shotgun (WGS) sequences (release 2.2), both available from FlyBase (<http://flybase.bio.indiana.edu/>). Sequences that resulted in significant hits against *D. melanogaster* mitochondrial genes were assembled using the Cap3 program ([@B15]) and carefully checked using EagleView ([@B16]) to generate the whole mtDNA sequence of *D. pseudoobscura* ([Supplementary Table S1](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1)).

Two contigs were generated and there were two gaps relative to the *D. melanogaster* mitochondrial genome. The first gap corresponded to ∼550 bp of *cox1* gene and the second to five genes, *nd1*, tRNA^Leu^, *rrnL*, tRNA^Val^ and *rrnS* (∼3300 bp). The *D. pseudoobscura* mtDNA (with exception of the control region) was completed with three mitochondrial sequences deposited in GenBank (accession numbers EU493633, EU494363 and EU494484) and with contigs from the *de novo* assembly of *D. pseudoobscura* 454 reads. One of the WGS contigs contained 648 bp of a noncoding sequence that is most likely a portion of the control region. This portion was not included in the final assembly. The 454 reads were mapped to the assembly, and inconsistencies such as premature stop codons, long insertions and deletions were corrected to generate the final assembly.

The PCGs, rRNA and tRNA genes were identified and annotated using DOGMA ([@B17]).

EST to mtDNA and transcript mapping
-----------------------------------

Alignment of the 454 ESTs with annotated mitochondrial transcripts was performed with PanGEA ([@B18]). We used the 5.5 release of transcript annotations of *D. melanogaster* as a reference dataset, correcting the transcripts for the genes *atp6*, *atp8*, *nd4* and *nd4L* that were not annotated as bi-cistronic transcripts. For *D. pseudoobscura*, we used the assembled and annotated mitochondrial genome. Mapping of the 454 ESTs was also performed against the whole mtDNA of both species using PanGEA ([@B18]). Only reads with at least 95% identity with a sequence in the database (genome or transcripts) over at least 60% of their length were considered.

For the mitochondrial genome-wide discovery of chimeric reads, we BLASTed all mitochondrial reads against the reference database containing full-length mitochondrial transcripts. We implemented an algorithm to parse BLAST results (Perl script available upon request). First, we checked for intra-molecule chimeras by checking high-scoring segment pairs (HSPs) with different read orientation or different sequence order. We also checked inter-molecule chimeras by searching for sequences mapping to more than one transcript. For the BLAST searches, we required a minimum of 50% of the read to be involved in the first HSP, with at least 95% of identity.

To identify chimeric transcripts shared among different libraries, intra-molecule chimeras were clustered based on at least 80% sequence similarity and at least 90% length coverage using BLASTclust (I. Dondoshansky and Y. Wolf, unpublished software, available at <http://www.ncbi.nlm.nih.gov/BLAST/docs/blastclust.html>). As we have observed the same chimeric EST in multiple-sequence reads from the same library as well as in independent libraries from different species, we considered this to be sufficient evidence for presence of the chimeric molecules, and additional reverse transcription-polymerase chain reaction (RT--PCR) experiments were not performed.

Statistical analyses
--------------------

We used the number of ESTs mapping to a given transcript as measure of the expression level for that gene. Expression levels were normalized by dividing the EST counts for each transcript by the total number of reads in a library. In a second step, these relative counts were log transformed to meet assumptions for the linear models applied. The linear models included sex, species, gene and all possible two-way interactions between these fixed effects. Least square means were obtained with the *lsmeans* option of *proc GLM* in the software package SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA). *P*-values were Bonferroni corrected for multiple testing ([@B19]). To answer the question whether patterns of gene expression differ among genes within the same transcriptional unit as well as among genes interacting in the same protein complex, we fitted all pairwise contrasts for genes within a unit. *P*-values were again Bonferroni corrected ([@B19]). The level of significance was set to *P* \< 0.05. All statistical analyses were performed with SAS 9.1.3 (SAS Institute Inc., Cary, NC, USA).

Data availability
-----------------

The EST sequences and the gene expression profiles have been deposited in the GEO repository under the accession number GSE16651 and the *D. pseudoobscura* mitochondrial genome has been deposited in GenBank under the accession number FJ899745.

RESULTS
=======

Assembly and annotation of *D. pseudoobscura* mtDNA
---------------------------------------------------

To ensure a reliable mapping and identification of ESTs prior to the analyses of the 454 reads, we assembled the full mitochondrial genome of *D. pseudoobscura* (with the exception of the control region). The mtDNA of *D. pseudoobscura* had the identical gene composition and gene order as *D. melanogaster* and the average sequence divergence between these two species ranged from 6.9% to 14.3% for PCGs and it was 5.1 and 5.9% for the large and small rRNA genes ([Supplementary Table S2](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1)).

The published *D. pseudoobscura* nuclear genome was generated by WGS sequencing of DNA prepared from embryonic nuclei and therefore mitochondrial sequences were not expected in the library ([@B20],[@B21]). Nonetheless, unknown singletons were found in the genome sequence that contained blocks of complete genes with high sequence and structure conservation relative to *D. melanogaster* and *D. yakuba* mtDNA. In total, six unknown singletons and three unknown groups produced significant hits to two or more *D. melanogaster* mitochondrial genes.

Mapping of mitochondrial 454 ESTs
---------------------------------

We previously showed that NGS of 3′-ESTs provides an excellent tool for expression profiling ([@B8]). We used this strategy to obtain ESTs from *D. melanogaster* and *D. pseudoobscura*. We took advantage of the massive number of ESTs from mtDNA, to explore aspects related to the transcription of these genes.

The reads identified as mitochondrial-derived ESTs were mapped to the mitochondrial genome ([Table 1](#T1){ref-type="table"}, [Figure 1](#F1){ref-type="fig"}). Due to the selection of 3′-fragments, associated with the under-representation of long transcripts intrinsic to the 454 sequencing method ([@B8]), the distribution of ESTs was skewed towards the 3′-end of all transcripts and the complete 5′-end was not recovered for all genes ([Figure 1](#F1){ref-type="fig"}). ESTs were recovered for all PCGs and for the two ribosomal genes in both species. A number of ESTs showed a poly(A) stretch, starting from 1 to 18 bp downstream of the stop codon of a PCG ([Supplementary Table S3](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1)), but in *cox2* and *nd5* (for *D. melanogaster* and *D. pseudoobscura*), *nd4* (*D. melanogaster*) and *nd2* (*D. pseudoobscura*), the poly(A) tail completes the TAA stop codon from T or TA codons in the mtDNA. When the primary transcripts containing these genes are processed, the removal of an adjacent tRNA gene leaves an inframe T or TA. Post-transcriptional polyadenylation is the most likely mechanism for the creation of a complete TAA stop codon for these genes ([@B5]). For the *nd1* gene, in both species, the analysis of the polyadenylated ESTs also allowed the identification of two new molecules, probably due to indels in the stop codon on the mtDNA sequence. In one of these molecules, an insertion changed the stop codon from TAG to TAA. There was also a rare transcript (\<6 % of the *nd1* transcripts sampled in this site) in which a single nucleotide deletion destroyed the stop codon. Table 1.Summary statistics for 454 ESTs sequencing and mapping to *D. melanogaster* and *D. pseudoobscura* mitochondrial genomesTotalMapped to mitochondria[^a^](#TF1){ref-type="table-fn"}Mt rRNAProtein coding*Drosophila melanogaster*    Male library464 25376 31647 71428 602    Female library68 919787352362637*Drosophila pseudoobscura*    Male library37 994796257072255    Female library41 265651549431572[^2] Figure 1.Mapping of mtESTs from PCGs (left of the solid black line) and from the ribosomal subunits (rRNAs) (right of the solid black line) of *D. melanogaster* to the mitochondrial genome. PCGs and rRNA genes are represented by the labeled boxes and tRNAs by the black unlabeled boxes. Green and blue boxes represent the mature transcripts of genes in the heavy and light strand, respectively. The arrows represent the transcription units described for *Drosophila* ([@B35]) and their direction of transcription. Coverage per nucleotide position of the mapped 454 reads is shown by the histograms (in green and blue).

Two cases of overlapping genes, *nd4 + nd4L* and *atp6 + atp8*, expressed as transcripts with no poly(A) tails downstream of the first open reading frame (ORF) confirmed the presence of the two mature bi-cistronic transcripts. The reading frames of these genes overlap by 1 (*nd4 + nd4L*) or 7 nt (*atp6 + atp8*) in both species. Therefore, we mapped 11 different transcripts corresponding to the 13 PCGs and two different transcripts corresponding to the ribosomal genes.

Expression profiling of ribosomal genes
---------------------------------------

The number of reads that mapped to each transcript is proportional to the transcript abundance, so it can be used as a measure of the absolute level of expression of that transcript ([@B8]). The gene expression measure as the absolute EST counts and the expression relative to the library size for each mitochondrial gene in each library is displayed in [Supplementary Table S4](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1), and [Table 2](#T2){ref-type="table"}, respectively. Of all mtESTs from our nonnormalized libraries, ∼60% originate from the large mitochondrial ribosomal subunit in *D. melanogaster* and \>70% in *D. pseudoobscura*. Table 2.Expression profiles of *D. melanogaster* and *D. pseudoobscura* mitochondrial PCGs and rRNA genes*Drosophila melanogasterDrosophila pseudoobscuraDrosophila melanogaster*FemaleMaleFemaleMaleBerthier *et al.* ([@B35])[^a^](#TF3){ref-type="table-fn"}*atp6/atp8*[^b^](#TF4){ref-type="table-fn"}7.99.110.014.34.0*cytb*4.87.73.74.52.5*cox1*9.716.46.813.05.5*cox2*5.89.14.67.05.0*cox3*4.58.55.19.67.5*nd1*1.42.31.91.81.5*nd2*0.30.61.61.31.5*nd3*0.91.90.82.21.5*nd4/nd4L*[^b^](#TF4){ref-type="table-fn"}2.03.41.63.31.5*nd5*0.82.11.71.81.5*nd6*0.10.60.20.60.0*rrnL*70.197.2119.5148.610.0*rrnS*5.85.60.31.610.0[^3][^4][^5]

In humans, the termination factor mTERF binds mtDNA immediately downstream of the 3′-end of the ribosomal gene cluster and it has been shown that the ligation of the mTERF is responsible for an attenuation/termination event that causes the steady-state level of rRNAs to be higher than that of the downstream mRNAs ([@B22]). In *Drosophila*, the mitochondrial termination factor DmTTF is thought to influence the abundance of mitochondrial transcripts in a similar manner, regulating the expression levels of the mitochondrial transcripts ([@B23]). The abundance of both ribosomal subunits should be equal, since both genes are co-transcribed as a single primary transcript. Nevertheless, we observed a pronounced difference in sequence reads for both ribosomal subunits. The large subunit of the mitochondrial rRNA, as well as the protein-coding mitochondrial genes, have the typical, long poly(A) stretch, while the short subunit has a very short poly(A) tail (approximately 6-nt long). Given that the length of the poly(A) tail differs substantially among the mature transcripts of both genes, we reasoned that the exceptionally short poly(A) tail of the small subunit prevented an efficient cDNA synthesis using poly(T) oligos. Consequently, we excluded the two ribosomal genes from our further analyses.

Expression profiling of PCGs
----------------------------

Our overall model was highly significant (*F* = 34.87, *P* \< 0.0001) and explained 99% of the variation in gene expression. As expected, most of the variation is among individual genes (*F* = 101.44, *P* \< 0.0001). We found a significant effect of sex but not species (sex, *F* = 66.89, *P* \< 0.0001; species, *F* = 3.05, *P* = 0.1116) on overall gene expression, with males showing a higher transcriptional activity than females. Among all possible two-way interactions, only the interaction between genes and species was significant (*F* = 3.88, *P* = 0.0216). The interaction between sex and species can be considered as a correction for overall differences between the libraries including technical error and was not significant. This is very promising, as the lack of duplicates or replicates did not allow the estimation of technical error of the four libraries sequenced with 454 technology.

Expression levels were significantly different for some of the genes within a transcriptional unit or protein complex ([Tables 3](#T3){ref-type="table"} and [4](#T4){ref-type="table"}). However, we observed that PCGs within a transcriptional unit forming a protein complex are consistently not significantly different from each other. Table 3.Pairwise comparison of the levels of gene expression between genes in the same transcriptional unitTranscriptional unitGene pairMean square*F*-value*P*-valueCorrected *P*-value1*atp6/atp8* versus *cox1*0.002314150.240.63661.000001*atp6/atp8* versus *cox2*0.076377817.840.01880.301111*atp6/atp8* versus *cox3*0.068363397.010.02440.390151*atp6/atp8* versus *nd2*2.46272246252.65\<0.0001\<0.00011*atp6/atp8* versus *nd3*1.56069902160.11\<0.0001\<0.00011*cox1* versus *cox2*0.1052814310.800.00820.131181*cox1* versus *cox3*0.095833339.830.01060.169441*cox1* versus *nd2*2.61602162268.38\<0.0001\<0.00011*cox1* versus *nd3*1.68320797172.68\<0.0001\<0.00011*cox2* versus *cox3*0.000222050.020.88301.000001*cox2* versus *nd2*1.67169645171.50\<0.0001\<0.00011*cox2* versus *nd3*0.9465617497.11\<0.00010.000031*cox3* versus *nd2*1.71045183175.48\<0.0001\<0.00011*cox3* versus *nd3*0.97577940100.11\<0.00010.000031*nd2* versus *nd3*0.1024172610.510.00880.150412*cytb* versus *nd6*3.4034830311.91\<0.0001\<0.00013*nd4*/*nd4L* versus *nd5*0.089065669.140.01280.20534[^6] Table 4.Pairwise comparison of the levels of gene expression between genes interacting the same protein complexComplexGene pairMean square*F*-value*P*-valueCorrected *P*-valuecox*cox1* versus *cox2*0.1052814310.800.00820.14758cox*cox1* versus *cox3*0.095833339.830.01060.19062cox*cox2* versus *cox3*0.000222050.020.88301.00000nd*nd1* versus *nd2*0.2695784727.660.00040.00664nd*nd1* versus *nd3*0.039673674.070.07131.00000nd*nd1* versus *nd4*/*nd4L*0.032929593.380.09591.00000nd*nd1* versus *nd5*0.013682821.400.26351.00000nd*nd1* versus *nd6*1.26766942130.05\<0.00010.00001nd*nd2* versus *nd3*0.1024172610.510.00880.15925nd*nd2* versus *nd4*/*nd4L*0.4909448750.37\<0.00010.00060nd*nd2* versus *nd5*0.1617937016.600.00220.04023nd*nd2* versus *nd6*0.3680834337.760.00010.00196nd*nd3* versus *nd4*/*nd4L*0.1448926114.860.00320.05731nd*nd3* versus *nd5*0.006758310.690.42451.00000nd*nd3* versus *nd6*0.8588206488.11\<0.00010.00005nd*nd4*/*nd4L* versus *nd5*0.089065669.140.01280.23101nd*nd4*/*nd4L* versus *nd6*1.70922516175.35\<0.0001\<0.0001nd*nd5* versus *nd6*1.01794919104.43\<0.00010.00002[^7]

Identification of novel transcripts
-----------------------------------

Alignments of the large subunit of the rRNA (*rrnL*) reads to reference genes indicated that some ESTs resulted from rearrangements of the original *rrnL* mRNA. In these rearranged ESTs, a sequence inversion has occurred, causing one of the segments to be inverted from its original orientation in the mitochondrial genome ([Figure 2](#F2){ref-type="fig"}). The inverted segment was flanked by a perfect inverted repeat (IR) of 6 nt. These chimeric transcripts could have been artifacts generated during cDNA synthesis. However, similar transcripts were found as naturally occurring molecules in mouse ([@B24]) and human cells ([@B25]) and in a different mitochondrial region, *atp6*, in porcine brain cells ([@B26]). Therefore, we investigated the occurrence of such structures in the whole mitochondrial dataset. Figure 2.Structure of chimeric transcripts. Chimeras consisted of a 3′-subregion (green arrow) joined to an inverted segment (blue arrow) by a small region (4--11 nt) that occur as a perfect repeat in the mitochondrial genomic sequence (grey boxes).

Chimeric transcripts were found for all mitochondrial genes ([Table 5](#T5){ref-type="table"}). The structure of the chimeras for all other genes resembled that of *rrnL*; they were all inverted segments joined by a small region (5--11 nt) that occur as a perfect repeat in the mitochondrial genome sequence. Because of the short length of the 454 reads, it was not possible to infer the full structure of the chimeras. Therefore, we clustered the chimeric reads from the four libraries to identify unique transcripts ([Table 5](#T5){ref-type="table"}). Each cluster obtained represents a different type of chimeric transcript. The number of different chimeric structures ranged from one in the *rrnS* gene and 64 in the *rrnL* gene. Interestingly, we observed the same chimeric ESTs in multiple libraries, suggesting that these sequences reflect real structures that are conserved between species ([Supplementary Table S5](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1)). Nevertheless, for individual chimeric transcripts no clear pattern emerged, probably due to the low number of observations. Table 5.Number of intra-molecular chimeric transcriptsChimeric reads in all libraries[^a^](#TF7){ref-type="table-fn"}Number of clusters[^b^](#TF8){ref-type="table-fn"}Singletons[^c^](#TF9){ref-type="table-fn"}*D. melanogasterD. pseudoobscura*MaleFemaleMaleFemaleCounts (%)[^d^](#TF10){ref-type="table-fn"}Counts (%)[^d^](#TF10){ref-type="table-fn"}Counts (%)[^d^](#TF10){ref-type="table-fn"}Counts (%)[^d^](#TF10){ref-type="table-fn"}*atp6/atp8*85371964 (1.51)9 (1.65)11 (2.03)1 (0.24)*cytb*60251645 (1.26)10 (3.00)5 (2.91)0 (0)*cox1*87271569 (0.91)14 (2.09)0 (0)4 (1.42)*cox2*48251137 (0.87)5 (1.26)3 (1.12)3 (1.58)*cox3*37211427 (0.69)7 (2.28)2 (0.55)1 (0.48)*nd1*4444 (0.38)0 (0)0 (0)0 (0)*nd2*113111 (3.78)0 (0)0 (0)0 (0)*nd3*7544 (0.46)0 (0)0 (0)3 (8.57)*nd4/nd4L*12121212 (0.76)0 (0)0 (0)0 (0)*nd5*179715 (1.56)0 (0)1 (1.47)1 (1.39)*nd6*2221 (0.39)0 (0)1 (4.76)0 (0)*rrnL*4266440356 (0.79)19 (0.39)29 (0.51)22 (0.45)*rrnS*1110 (0)1 (0.25)0 (0)0 (0)Total797235146645 (0.85)65 (0.83)52 (0.65)35 (0.54)[^8][^9][^10][^11]

DISCUSSION
==========

Basic mechanisms of mtDNA transcription have been investigated in the last few decades, but the recent advances of the sequencing technologies permit now an accurate quantification of transcripts. In this study, we took advantage of NGS and tested to what extent gene expression differs between sexes and species.

Mitochondrial origin of the *D. pseudoobscura* WGS contigs and 454 reads
------------------------------------------------------------------------

Nuclear insertions of mitochondrial-like sequences (numts) are widespread in genomes of vertebrates and invertebrates ([@B27]). Numts present a challenge for studying short mitochondrial sequences derived from PCR amplification or shotgun libraries prepared from total genomic DNA due to the possible inclusion of paralogous nuclear sequences ([@B28],[@B29]).

Numts rarely occur in the *Drosophila* genome ([@B27],[@B28]). A previous analysis of the complete genome of *D. melanogaster* revealed that only approximately 500 bp of mtDNA was transferred to the nuclear genome ([@B28]). The scarcity of numts in the *D. melanogaster* genome supports the view that there are substantial selective constraints in *Drosophila* noncoding DNA. The *Drosophila* genome is highly compact. Very few pseudogenes can be found in the *D. melanogaster* genome ([@B30]) and they are lost at a very high rate, demonstrating a strong deletion bias ([@B31]).

Some additional evidence supports the mitochondrial origin of *D. pseudoobscura* WGS contigs. First, the assembled singletons contained syntenic blocks of complete genes relative to *D. melanogaster* and *D. yakuba* mtDNA. Secondly, the PCGs used the invertebrate mitochondrial genetic code, and the tRNAs found among the genes had a typical mitochondrial cloverleaf structure ([@B32]). Finally, the estimation of the average divergence showed that the 454 EST data and the assembled mtDNA genome were highly similar ([Supplementary Table S6](http://nar.oxfordjournals.org/cgi/content/full/gkp856/DC1)).

The 454 ESTs analyzed here derive from the sequencing of cDNA libraries constructed from the total poly(A)+ RNA fraction and there is no evidence for the expression of these nuclear insertions. Numts are found in noncoding regions of the nuclear genome and most of them are only gene fragments ([@B33]). They are under different mutational and selective constraints compared with mitochondrial genes ([@B29]) and the identity of the ESTs obtained here to the corresponding mtDNA sequence is \>95%. The nuclear origin of these ESTs is very unlikely, since we would have to assume a recent gene transfer from mitochondria to nucleus, because of their high similarity to mtDNA and a very high expression level of the fragments transferred.

Differential gene expression of mitochondrial genes
---------------------------------------------------

We detected a substantial heterogeneity in gene expression among the PCGs of the mtDNA. First, we found significant differences among genes from the NADH dehydrogenase (complex I, [Table 4](#T4){ref-type="table"}). Similarly, we also observed significant differences among genes encoded by one of the four transcription units. The uncoordinated expression of individual transcripts is unexpected, since most of the mitochondrial genes are transcribed together as large transcriptional units. This heterogeneity in gene expression may be caused by different stability of the transcripts and post-transcriptional mechanisms acting on them. Another likely post-transcriptional mechanism involves the processing of the transcriptional units to generate mature transcripts by the tRNA punctuation model ([@B5]). In order to produce the mature transcripts, the tRNA sequences are cleaved sequentially in a 3′- to 5′-direction ([@B34]). The maturation of mitochondrial transcripts also involves the removal of noncoding nucleotides in the 5′-end ([@B35]). These additional processing to generate mature transcripts possibly play an important role in keeping the steady-state levels of mitochondrial transcripts than the regulation of transcription.

In order to validate our gene expression data, we compared our results to a previous study ([@B35]), which determined the relative abundance of the mtDNA transcripts by northern blots, which were probed by specific *D. melanogaster* mtDNA fragments. We found a good agreement of our quantification with the previous results of Berthier *et al.* ([@B35]). The Pearson correlation coefficients between the expression data ranged from 0.55 in the female *D. pseudoobscura* library to 0.62 in the female *D. melanogaster* library ([Table 6](#T6){ref-type="table"}). In our approach, we had an under-representation of *rrnS* transcripts due to the short length of their poly(A) tails. Excluding this gene from the comparison, the correlation coefficients in the pairwise comparisons increased to 0.73--0.78 (in the female *D. pseudoobscura* and in the male *D. melanogaster* libraries, respectively). The differences between the two expression measures could be due to different sensitivities of the employed techniques; the dynamic range was much larger in our experiment compared with the northern approach allowing for a better resolution of the expression profiles found by Berthier *et al.* ([@B35]). For instance, the same level of expression had been assigned to all mitochondrial transcripts in the *nd* complex, except to *nd6* gene that was not detected. We have also observed that the least expressed gene in the *nd* complex was *nd6*, but we were able to detect its expression as well as subtle differences in gene expression among the genes in *nd* complex that were not evident in the former study. The high correlation between our RNA-Seq study, which relies on the effective capture of the mitochondrial RNAs by oligo dT primers, shows that variation in poly(A) tail length among the RNA molecules and thus different recovery cannot explain the observed heterogeneity among the mitochondrial RNAs. The only exception to this is the small RNA subunit. Consistent with this observation, previous studies have characterized the mitochondrial transcripts and found that, except for the small rRNA subunit, all the transcripts have poly(A) tails with length of 40--50 nt ([@B34],[@B36]). Nevertheless, experimental validation of the homogeneity in poly(A) tail length by sequencing is not possible, as the 454 sequencing technology is not well suited for measuring homopolymers length ([@B14]). Table 6.Correlation coefficients between the expression profiles of *D. melanogaster* and *D. pseudoobscura* obtained here and the levels of mRNA estimated by Berthier *et al.* ([@B35]) by northern hybridization of fragments of the mitochondrial genome to the RNA fraction isolated from mitochondriaAll transcriptsWithout *rrnS*Only PCG*Drosophila melanogaster*    Male library0.610.780.81    Female library0.620.760.75*Drosophila pseudoobscura*    Male library0.570.750.81    Female library0.550.730.72

The high concordance of the two studies confirmed the observed differences in the levels of gene expression among the mitochondrial genes. Genes in mtDNA are clustered to gain efficiency by coordinating activities and regulation. As RNA synthesis is costly, it may be expected that the organization of the genes into five different transcription units has been optimized to minimize the waste of energy. Assuming similar translation efficiencies among the mitochondrial genes, the level of gene expression should reflect the stoichiometry of the subunits of the enzymatic complexes. Hence, to minimize RNA waste, it is expected that subunits with the same stoichiometry should be preferentially encoded on the same transcript. Loss or disruption of such proximity may decrease metabolic flux and have deleterious consequences in individual fitness.

We find support for our hypothesis for the cytochrome c oxidase complex in which subunits 1, 2 and 3 are encoded in the same transcriptional unit and needed at a stoichiometry of 1:1:1 in many species \[enzyme 1.9.3.1 in ([@B37])\]. Unfortunately, no information on the stoichiometry of the polypeptide components is available for the NADH dehydrogenase complex, and for the ATP synthase hydrophobic portion F~O~ that is formed, among others, by the subunits encoded by the *atp6* and *atp8* genes ([@B38]).

Another interesting aspect of our investigation was the comparison of the overall gene expression in males and females in both species, *D. melanogaster* and *D. pseudoobscura*. This analysis indicated that the expression pattern was conserved among genes in the two species, but differed significantly between both sexes. This expression difference is a very interesting observation and may reflect differences in mitochondrial bioenergetics between males and females ([@B39]).

Novel mitochondrial transcripts
-------------------------------

Several studies have reported the occurrence of chimeric transcripts. In most of the cases, these transcripts were described as technical artifacts, such as end-to-end joining of noncontiguous cDNA sequences and template switching by the reverse transcriptase during cDNA synthesis ([@B40],[@B41]). However, several classes of natural chimeric transcripts play important biological roles such as the regulation of translation efficiency ([@B42]) and increasing protein diversity ([@B43]). These hybrid transcripts are generated *in vivo* by known mechanisms, mRNA trans-splicing and processing of polycistronic transcription units ([@B42],[@B44]). Detailed analysis of such transcripts focused on the evaluation of hybrids between heterologous mRNAs ([@B44]), but single-gene chimeras are usually overlooked in the analyses.

While we have no empirical proof that the chimeric transcripts found in this study are no technical artifacts, some lines of evidence argue against technical artifacts. End-to-end joining during library construction would randomly ligate molecules and we would expect not only intra-molecule chimeras but also ligation of independently transcribed mRNAs. In particular, due to the highest abundance of the *rrnL* transcript, it would be expected that this transcript would be frequently ligated to other transcripts forming intermolecule chimeras, but this was only observed in two cases (out of 797). Furthermore, we observed the same chimeric EST in multiple-sequence reads from the same library as well as in independent libraries.

Template switching by the reverse transcriptase can artificially delete portions of cDNAs that can be wrongly interpreted as an alternative transcript ([@B40]). Most of the chimeric transcripts found here were inverted sequences with one of the segments being flanked by a 5--10 bp perfect IR spaced by 15--20 bp in the mitochondrial genomic sequence ([Figure 2](#F2){ref-type="fig"}). A homology-dependent template switching could have generated these hybrid cDNAs artificially. During first-strand cDNA synthesis, poly(A)+ RNAs are primed by an oligo(dT) and when the reverse transcriptase reaches the 5′-end of the junction site in the mRNA, the nascent cDNA switches the template to the IR in the antisense mRNA that will now be used as a new template. For the cDNA synthesis, we used the RevertAid™ H Minus M-MuLV Reverse Transcriptase (Fermentas), which lacks RNase H activity. It has been shown that homologous recombination between two distinct RNA templates promoted by the reverse transcriptase enzyme requires the involvement of RNase H activity ([@B45; @B46; @B47]). Also, contrary to the *in vitro* template switching hypothesis is the fact that we have not found independently transcribed mRNAs containing identical sequences forming hybrids between them.

Two different groups have provided strong evidence for the presence of such mitochondrial chimeric (also called fusion) transcripts in porcine brain ([@B26]), mouse cells ([@B24]) and human proliferating cells ([@B25],[@B48]). Michel and co-workers ([@B26]) identified a chimeric transcript in the *atp6* region that consisted of inverted sequences joined by 7 nt (TTACTAT) that is also present in the canonical transcript as an IR. The authors demonstrated that the unusual mitochondrial transcripts were naturally occurring mitochondrial RNAs and not a technical artifact performing S1 nuclease protection assays with total RNA from the sample analyzed. Interestingly, they have found that this transcript was differentially expressed in fetal and adult brain samples. Villegas *et al.* ([@B24]) also found a noncoding mitochondrial transcript (ncmtRNA) with a similar structure in mouse cells, but involving the large subunit of the ribosomal RNA. An equivalent transcript was detected later in human proliferating cells ([@B25]). This human transcript had an inverted region of 815 nt linked to the 5′-end of the *rrnL*. Several lines of evidence showed that this transcript is indeed synthesized in mitochondria and its expression was correlated with the replicative state of the human cells. In a recent study, Burzio *et al.* ([@B48]) described two additional ncmtRNAs with a very similar structure to the transcript identified by Villegas *et al.* ([@B25]). They had a very interesting finding regarding the pattern of expression of the three human ncmtRNAs. Normal proliferating cells express all three ncmtRNAs, while neither is expressed in nondividing cells. In tumor cells, however, only the former one is expressed; the two new ncmtRNAs ([@B48]) are down-regulated. Burzio *et al.* ([@B48]) hypothesized that the identified transcripts are involved in the regulation of the cell cycle.

Our study showed that chimeric transcripts could be detected for almost all mitochondrial genes. While we have no empirical proof for the presence of these chimeric transcripts, evidence provided elsewhere showed that similar structures are present in mitochondria of different organisms. Owing to the high content of A+T in insect mitochondrial genomes, short perfect repeats occur very frequently favoring the *in vivo* generation of chimeric RNA by site-specific recombination. In plant mitochondria, several studies have reported a massive and continuous production of cryptic transcripts \[([@B49]) and references therein\]. These presumably nonfunctional RNAs are produced because of the complex structure of the mitochondrial genome combined with its relaxed control of transcription ([@B49]). On the other hand, these transcripts could be involved in the regulation of gene expression of mitochondrial genes. As in Burzio *et al.* ([@B48]), they might play a role in the regulation of the cell cycle. As our samples were prepared from whole adult bodies, we cannot distinguish expression profiles of proliferating and nonproliferating cells.

A number of *cis*-acting noncoding RNAs (ncRNAs) are known to contain functional information \[see ([@B50]) for a review\], often affecting the translation efficiency or mRNA stability. These *cis*-acting ncRNAs are usually transcribed from UTRs flanking the affected gene, from intronic or intergenic regions. Owing to their compact structure, animal mtDNA lacks UTRs and intronic regions. The ncmtRNAs may have evolved in animal mtDNA as a backup mechanism ensuring the fine-tuning of the gene expression. Further investigations are necessary to analyze the origin of the chimeric transcripts, the mechanism of generation and their possible biological function.
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[^2]: ^a^ESTs that had at least 95% identity with the mitochondrial genome at least 60% of their length.

[^3]: Expression profiles are presented as relative proportion of ESTs mapped to each gene to total reads obtained.

[^4]: ^a^Steady-state levels of mtRNAs ([@B35]).

[^5]: ^b^Bi-cistronic transcripts.

[^6]: *P*-values were Bonferroni corrected to account for multiple testing ([@B19]).

[^7]: *P*-values were Bonferroni corrected to account for multiple testing ([@B19]).

[^8]: ^a^Total number of chimeric reads in the four libraries.

[^9]: ^b^Each cluster represents a different type of chimeric transcript.

[^10]: ^c^Number of clusters with only one read (number of molecules sequenced only once).

[^11]: ^d^Percentage of the total counts for each gene.
